Abstract China is an important center of origin for the genus Citrus L. of the family Rutaceae and is rich in wild Citrus species. The taxonomy of Citrus has been a subject of controversy for more than a half century. We propose that the metabolite profiles of Chinese native Citrus species can be used for classification and understanding of the taxonomic relationships within the Citrus germplasm. In this study, triplicate gas chromatographymass spectrometry (GC-MS) metabolite profiles of 20 Citrus species/varieties were acquired, including 10 native varieties originating in China. R-(?)-limonene, a-pinene, sabinene and a-terpinene were found to be major characteristic components of the essential oils analyzed in this study, and these compounds contributed greatly to the metabolic classification. The three basic species of the subgenus Eucitrus (Swingle's system), i.e., C. reticulata Blanco, C. medica L. and C. grandis Osb., were clearly differentiated based upon their metabolite profiles using hierarchical cluster analysis (HCA) and partial least square-discriminant analysis (PLS-DA). All the presumed hybrid genotypes, including sweet orange (C. sinensis Osb.), sour orange (C. aurantium L.), lemon (C. limon Burm.f.), rough lemon (C. jambhiri Lush.), rangpur lime (C. limonia Osb.) and grapefruit (C. paradisi Macf.), were grouped closely together with one of their suggested parent species in the HCA-dendrogram and the PLS-DA score plot. These results clearly demonstrated that the metabolite profiles of Citrus species could be utilized for the taxonomic classification of the genus and are complementary to the existing taxonomic evidence, especially for the identification and differentiation of hybrid species.
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Citrus is one of the most widely grown fruit crops throughout the world (Talon and Gmitter 2008) with an annual production of approximately 102 million tons (Mehl et al. 2014 ).
The cultivation history records of citrus trees trace back to at least to 2100 BC (Moore 2001) . Recently, there has been increasing research interest in citrus secondary metabolites and their role in human disease prevention and treatment (Park et al. 2013) . It has been suggested in the previous literature that the phytochemical compounds of citrus fruits have a wide spectrum of biological activities such as antimicrobial (Jing et al. 2014) , antioxidant (Sun et al. 2005; Tripoli et al. 2007 ) and anti-inflammatory activities (Menichini et al. 2011) . Phytochemicals from citrus have also been reported to possess nutraceutical and pharmacological properties (Ding et al. 2012; Jing et al. 2013 ).
The genus Citrus L. is believed to have originated in the tropical and subtropical regions of Southeast Asia, with China being an important center of origin for this genus. Different taxonomic classification systems have been suggested since the establishment of the genus Citrus by Carl Linneaus in 1753 (Lu et al. 2011) , but the taxonomy of Citrus is still a subject of controversy, especially for the number of species in the genus. The Swingle (1943) and Tanaka (1977) classification systems are among the most accepted in the current literature (Li et al. 2010) . Swingle recognized 16 species, while Tanaka recognized 162 species. However, Scora (1975) , along with Barrett and Rhodes (1976) , suggested that there are only three true species within the subgenus Eucitrus of Swingle's system, i.e., C. medica L., C. grandis Osb. and C. reticulata Blanco, while the other genotypes were derived from hybridization between these true species (Barrett and Rhodes 1976; Scora 1975) . The concept of 'three basic species' has gained wide support in the literature based upon nuclear DNA molecular markers (Li et al. 2010; Lu et al. 2011; Nicolosi et al. 2000) along with biochemical, protein and isozyme analyses. However, the taxonomy of the genus Citrus is still a challenging scientific problem (Li et al. 2010; Lu et al. 2011; Nicolosi et al. 2000) . In addition, the challenges of identification and classification of hybrid Citrus have remained unresolved. Therefore, new methods such as metabolomics-based approach (Schauer and Fernie 2006) offer additional insight into the taxonomic classification challenges within the genus Citrus.
Metabolomics is a relatively new approach that relies heavily on chromatography coupled to mass spectrometry (MS) (Bedair and Sumner 2008; Lei et al. 2011 ) and/or nuclear magnetic resonance (NMR) spectroscopy (Wishart 2008) for the large-scale, quantitative and qualitative analyses of complex mixtures of low-molecular weight metabolites from biological samples (Farag et al. 2013; Fiehn 2002; Strehmel et al. 2013; Sumner et al. 2003) . Metabolite profiling has been successfully applied in the rigorous separation, isolation and identification of individual and unknown plant secondary metabolites, and the classification of fungi and several plant species (Aliferis et al. 2013; Emwas et al. 2013; Farag et al. 2013; Farag et al. 2012) . In citrus research, metabolomics has been successfully applied to the prediction of free-radical scavenging activities of citrus fruit (CevallosCevallos et al. 2011) , the differentiation of disease-tolerant citrus varieties (Yun et al. 2013) , metabolomic analysis of orange wild type and bud mutant fruits (Pan et al. 2013) , and the identification of novel natural product enzymes in citrus (Frydman et al. 2013) . Most recently, metabolomics was used to discriminate lemon essential oils obtained from different geographical origin and extraction process (Mehl et al. 2014) . To the best of our knowledge, however, there has been no metabolomics-based study reported on the taxonomy of Citrus species and their derived hybrids.
Citrus essential oils have been used in the species identification and classification for a long time (Malik et al. 1974; Ortiz et al. 1978) . It has been suggested that the oil profiles were closely related to their genetic backgrounds and potentially influenced by the species, varieties and genotypes (Jing et al. 2014) . Most recently, the genetic origin of mangshanyegan (Citrus nobilis Lauriro) has been studied based on the peel oil volatile compounds. The primary goals of this study were to characterize the metabolite profiles of Chinese native Citrus species and to explore the potential application of metabolomics in the identification of hybrids and taxonomical classification of Citrus species. We first characterized the metabolite profiles of 20 Citrus species/varieties using GC-MS. A metabolomics-based classification model was then established that was able to discriminate the three basic Citrus species, i.e., C. medica L., C. grandis Osb. and C. reticulata Blanco. Finally, we explored the application of the metabolite based classification model in the identification of the presumed hybrid species, including sweet orange (C. sinensis Osb.), sour orange (C. aurantium L.), lemon (C. limon Burm.f.), rough lemon (C. jambhiri Lush.), rangpur lime (C. limonia Osb.) and grapefruit (C. paradisi Macf.).
Materials and methods
Plant material
The citrus fruits used in this study were collected from February 14th to 20th, 2013 from the National Germplasm Repository, Citrus Research Institute, Chinese Academy of Agricultural Sciences, Chongqing, China (latitude 22.39°N, longitude 34.95°E). The samples covered all the three basic species of the subgenus Eucitrus of Swingle's system and six of their presumed hybrid species. Detailed sample information is provided in Table 1 . All citrus trees were grown in the same orchard, and were under the same cultural management practices. Three representative trees from each species/variety were selected for fruit sampling. The fresh fruits were used for essential oil extraction right after they were collected.
2.2 Sample preparation for gas chromatography-mass spectrometry analysis
Citrus essential oils used for further gas chromatographymass spectrometry (GC-MS) analyses were obtained by steam distillation of the citrus fruits peels (Dharmawan et al. 2008) . Generally, fresh peels were carefully cleaned and cut into small pieces. Citrus peels were homogenized, and 200 g aliquots were placed in flasks (2 L) together with 800 g distilled water containing 2 g ammonium chloride and distilled. The essential oils were collected, the mass of the obtained oil was measured and the oil content was calculated as the weight (g) of oil per weight (g) of citrus peels. Three individual samples from each species or variety were collected in the manner described above. Measurements were made independently and analyzed separately. All the oil samples were shipped from China to US, and were stored in vials at -20°C until use.
2.3 Gas chromatography-mass spectrometry analysis Gas chromatography-mass spectrometry (GC-MS) analyses were performed using an Agilent Technologies 6890 Plus GC (Palo Alto, CA, USA) interfaced with an Agilent Technologies 5973 mass spectrometer with electron ionization (70 eV). Full scan mass spectra were acquired using a mass range of 30-400 m/z at 1.6 scans s -1 and a 10-min solvent delay. The temperature for the ion source was set to 230°C and the transfer line to 280°C. A DB-5MS capillary column (J&W Scientific, 60 m 9 0.25 mm, 0.25 lm film thickness) was used with a helium flow of 1.1 mL min -1 . Oil samples of 1 ll were injected using a split ratio of 20:1. The injector temperature was set to 250°C. The initial temperature of the oven was held constant at 60°C for 10 min, followed by an increase to 250°C at 5°C min -1 , and was held constant at 250°C for 
The oil content (%) was calculated as the weight (g) of oil per weight (g) of citrus peels, with each genotype being analyzed in triplicate a Represent Chinese native Citrus species 10 min. Calibration of the instrument was performed daily throughout the analyses using the default automatic calibration mode as recommended by the manufacturer. Blank samples were additionally analyzed in order to detect possible contamination resulting from sample carryover. No internal standards were used as only relative changes were studied. Chromatograms and spectra were recorded and processed using the Enhanced ChemStation software for GC-MS (Agilent).The analyses were performed in triplicate for each species.
Mass spectral data processing and multivariate analyses
Derivatized metabolites were tentatively identified (Sumner et al. 2007 ) by matching retention time and mass spectra (Supplemental Table 1 ) with those in a custom library of authentic compounds generated by combining multiple MSTFA libraries from Noble Foundation (Level 1 (Sumner et al. 2007 )), Max Planck Golm (Level 2 (Sumner et al. 2007 )), and the Adam's Library-2011 (Level 2) into a single searchable Mass Spectral library. Metabolite annotations were accepted with a spectral match score higher than 60 and RI-deviation lower than 8 min. Deconvolution was performed using AMDIS software (Automated Mass Spectra Deconvolution and Identification System, http:// chemdata.nist.gov/mass-spectra/amdis/) and relative quantification data extracted with MET-IDEA (Broeckling et al. 2006; Lei et al. 2012 ). The area of each peak, after being recognized and aligned, was normalized to the total area for each chromatogram. The data matrix (20 genotypes 9 47 metabolites) was first explored using unsupervised multivariate analyses including principal component analysis (PCA) and hierarchical cluster analysis (HCA). With partial least squarediscriminant analysis (PLS-DA), a supervised multivariate analysis, the Citrus species were discriminated and classified. For PCA, the R software (v 3.03, R: A Language and Environment for Statistical Computing, Vienna, Austria, http://www.r-project.org/) was used with the centered data. For HCA, the program JMP 10.0.2 (SAS Institute Inc., Cary, NC, USA) was used, with the distance measures based on the Pearson correlation.
The PLS-DA method is an extension of partial least square-discriminant (PLS) regression analysis. In PLS-DA, the scores 9 loadings pairs, also called latent variables (LVs), are not calculated to maximize the explained variance in the predicting data set (X-block with GC-MS metabolite profiles) only, but also to maximize the covariance with the data to be predicted (Y-block with class assignment) (Bijlsma et al. 2006 ). PLS-DA was performed in MATLAB 8.2 (The MathWorks, Natick, MA, USA) using the Statistics toolbox. Classes were based on HCA distributions. The number of latent variable (LV) was chosen as the smallest number giving a mean classification error rate below 0.02 or, alternatively, the lowest error rate (inner loop). Optimal results regarding identity prediction were obtained with a four component PLS-DA model with auto-scaling of the variables and no scaling of the units.
Results and discussion
Essential oils yields and their main components
The yields of essential oil of the Citrus species/varieties studied are listed in Table 1 . Significant variations in essential oil contents among the 20 species/varieties were observed, ranging from 1.84 % (Bai No. 1 Tankan, Bai) to 0.38 % (Changshanhuyou tangelo, cht), with most of the genotypes having oil yields more than 1.0 % (Table 1) . In respect to the three basic Citrus species, C. reticulata (mandarin) generally had higher oil content, followed by C. grandis (pummelo), and then C. medica (citron) ( Table 1 ). As shown in Table 1 , the oil content of C. reticulata samples varied depending on the genotype, with Golden mandarin the highest (1.38 ± 0.05) and Daoxian wild mandarin the lowest (1.12 ± 0.08) ( Table 1) . Compared to the previous reports, the contents of C. reticulata oils obtained were higher than those reported by Lota and Blanco Tirado (Blanco Tirado et al. 1995; Lota et al. 2000; Lota et al. 2001 ), but lower than those by Hosni (Hosni et al. 2010 ). The oil yields of C. medica (0.64 ± 0.07 %) and C. grandis (1.04 ± 0.07 %) were consistent with those reported in previous literature (Njoroge et al. 2005; Venturini et al. 2010 ).
GC-MS based metabolite profiling was performed using the 20 different oil samples. The results are presented in Supplemental Table 1 . AMDIS deconvolution yielded 47 components, of which 20 components were putatively identified based upon mass spectral and RT matching to the NF-GOLM-ADAM-2011 Mass Spectral library. Figure 1a provides representative total ion chromatogram (TIC) of volatile components in the peel essential oils extracted from Guo 2701-1 canton lemon (Gu) as determined by GC-MS. Figure 1b illustrates the mass spectrum obtained of the GC peak at the retention time of 15.475 which matched well with the spectrum of authentic a-pinene (Fig. 1c) from the NF-GOLM-ADAM-2011 Mass Spectral library. Applying the same process, 19 other compounds were tentatively identified from the essential oils of Gu and other Citrus genotypes, with all the peak identifications and relative amounts of the various compounds summarized in Supplemental Table 1 .
In general, most components were identified as monoterpenes, and the predominant compound in all oil samples was (R)-(?)-limonene, with its relative concentration varying from 55.05 to 91.06 % (Supplemental Table 1 ). Para-mentha-3, 8-diene (0.04-28.04 %), myrcene (3.62-11.32 %), a-pinene (0.49-5.26 %) and sabinene (0.07-7.54 %) were also present in appreciable amounts in the peel oils of these 20 Citrus genotypes, and their amounts varied widely between different species/varieties and among different genotypes of the same species.
Among the volatiles identified, R-(?)-limonene was higher in C. sinensis (sweet orange) (91.06-90.21 %), C. reticulata (62.72-90.31 %) and C. aurantium (sour orange) (57.99-90.03 %), in comparison with other Citrus species. C. medica has the lowest amount of R-(?)-limonene (55.05 %) among all the Citrus species examined. Paramentha-3, 8-diene was detected in large amount in the peel oil of C. limonia (rangpur lime) (21.26 %) and C. medica (19.18 %) species, whereas para-mentha-3, 8-diene was virtually absent in the C. sinensis (0.11-0.19 %) and C. grandis (0.16 %) peel oils. In addition, the relative content of para-mentha-3, 8-diene varied significantly among the genotypes from the same species. For example, C. reticulata peel oils contained 0.04-21.83 %, C. limon (lemon), 1.53-18.00 %, C. aurantium, 0.10-28.04 %, C. jambhiri (rough lemon), 0.70-21.42 %, and C. paradisi (grapefruit), 0.40-16.09 % para-mentha-3, 8-diene.
Myrcene (3.62-11.32 %), a-pinene (0.49-5.26 %) and sabinene (0.07-7.54 %) were also present in appreciable amounts in the peel oils of these 20 Citrus species/varieties, and their accounts varied widely depending on the genotypes. Myrcene was found in large amount in the peel oils of C. grandis (11.32 %), C. paradisi (9.02-9.31 %), C. medica (7.82 %) and C. aurantium (3.87-11.05 %). Sabinene was abundant in C. jambhiri (3.19-7.54 %) and C. limonia (2.39 %) peel oils. In addition, different quantitative patterns of a-pinene and a-thujene were also observed between different Citrus species (Supplemental Table 1 ). For example, the relative contents of a-pinene in C. limonia and C. medica peel oils were 4.30 and 3.67 %, respectively. However, in C. sinensis peel oil, a-pinene was found to be 0.98-1.23 %. Fig. 1 Typical GC-MS total ion chromatogram (TIC) and mass spectrum of peel essential oil from Guo 2701-1 canton lemon (Gu). a TIC of the essential oil from Gu, b mass spectrum of GC peak with retention time 15.475 min, c matched spectrum of a-pinene TMS from NF-GOLM-ADAM-2011 Mass Spectral library. GC-MS system: a gas chromatograph (GC) (Agilent Technologies 6890 Plus, Palo Alto, CA, USA) interfaced with a single quadrupole mass spectrometer (Agilent Technologies 5973) with a DB-5MS capillary column (60 m 9 0.25 mm 9 0.25 lm) was used, the injector split ratio was 1: 20, and the temperature program was from 60°C (10 min) to 250°C (10 min) at 5°C min
In order to investigate the correlations between the volatile compounds in citrus essential oils, the person correlation coefficient analysis was performed, and results are shown in Fig. 2. From Fig. 2 , a significant negative correlation between para-mentha-3, 8-diene and (R)-(?)-limonene was observed (R = -0.94, P \ 0.001), with their total contents in all oil samples were about 74.2-91.2 %. In addition, (R)-(?)-limonene showed significantly positive correlations with a-thujene (R = -0.86, P \ 0.001) and a-pinene (R = -0.88, P \ 0.001). However, negative correlations were observed between para-mentha-3, 8-diene and a-thujene (R = 0.96, P \ 0.001), a-pinene (R = 0.93, P \ 0.001), respectively, in the citrus peel oils.
When compared with previous compositional studies, our results on the peel oils of 9 Citrus species showed qualitative and quantitative differences with those reports regarding the same species (Hosni et al. 2010; Minh Tu et al. 2002; Njoroge et al. 2006; Venturini et al. 2010 ). For example, previous investigations on Tunisian pummelo peel oils reported that limonene (95.4 %), b-pinene (1.52 %), (E)-b-ocimene (0.26 %), sabinene (0.19 %) and a-pinene (0.15 %) were the chief components (Hosni et al. 2010) . This is different from the volatile pattern of C. grandis (pummelo) peel oil examined in the present study. In addition, different oil profile patterns were also observed on the same cultivar from the same Citrus species. In the present study, the C. medica peel oil profile was different from the previous report on the same C. medica cultivar. In fact, limonene (41.8 %), geranial (17.9 %), neral (13.6 %), citronellal (4.4 %) and nerol (4.1 %) were observed as the chief components in the peel oil of Buddha's hand citron (Venturini et al. 2010) . The explanation for the dissimilar oil profiles between our study and the previous ones may be variation in genetic and environmental factors, such as cultivars, soil, cultural practices, ripening stage, and weather conditions, which has been suggested in our previous research (Jing et al. 2014) .
Interestingly, we found a-phellandrene, a cyclic monoterpene, present in low amounts in C. sinensis (0.01-0.08 %) and Volkamer lemon (C. limon) (0.01 %) peel oils, while it existed at trace levels in other species (Supplemental Table 1 ). Our results are partially agreed with the previous study by Hosni (Hosni et al. 2010 ). This shows that probably volatile profiles of citrus essential oils are closely related to their genetic backgrounds and potentially influenced by the species, varieties and genotypes.
Taken together, our study demonstrated that variation in the compositions of essential oils could be due to various influencing factors, such as growing and climatic conditions, and genetic difference of inter-and intra-species.
The metabolite profiles of basic Citrus species and their phylogenetic implications
In respect to the Citrus taxonomy, one of the widely accepted points of views is that there are only three true species within the subgenus Eucitrus of Swingle's system, i.e., C. medica, C. grandis and C. reticulata (Barrett and Rhodes 1976; Scora 1975) . On the basis of the GC-MS profiles of the three basic Citrus species, C. reticulata (Go, Dao, We, Ba) was distinguished from the other two species by their high relative contents of para-mentha-3, 8-diene (11.39-21.83 %), a-thujene (0.45-1.23 %), and a-pinene (2.04-4.07 %) (Supplemental Table 1 ). C. grandis (Chp) was differentiated by high R-(?)-limonene (85.67 %) and myrcene (11.32 %) contents (Supplemental Table 1 ). C. medica (Bu) was discriminated from others by its lowest content of R-(?)-limonene (55.05 %) and high amount of para-mentha-3, 8-diene (19.18 %), myrcene (7.82 %) and a-pinene (3.67 %) (Supplemental Table 1 ). To further discriminate and classify different citrus genotypes, their metabolite profiles were subjected to multivariate analyses including PCA and HCA. From  Fig. 3 , an initial overview of the clustering results of all the genotypes was given, with the first two principal components explaining almost 96 % of the initial variance in the PCA score plot. Then, a HCA was performed which allowed for the classification of these 20 genotypes into four major clusters in the HCA-dendrogram, with the genotypes that have a similar GC-MS spectrum clustering closely to each other (Fig. 4) . From Fig. 4 , R-(?)-limonene, a-pinene, sabinene and a-terpinene contributed largely to the classification of different Citrus genotypes among the citrus-derived metabolites. By using these four biomarkers, a PLS-DA model was then built to differentiate the three basic Citrus species, and the results are presented in Fig. 5. In Fig. 5 , the scores related to the first two latent variables (LVs) are displayed. About 38 % of the total variance of the data was explained along the first two LVs. As a result, the score plot of PLS-DA showed clear separation between the three basic Citrus species, including C. medica (Bu), C. grandis (Chp) and C. reticulata (Go, Dao, We) (Fig. 5) .
Based on both the HCA-dendrogram and the PLS-DA score plot, the taxonomic implications of the Citrus metabolite profiles obtained in this study were explored. In Fig. 5 , strong separations between the GC-MS profiles of three basic Citrus species were observed. The metabolite profile of C. medica and C. grandis each formed an individual group in the PLS-DA score plot. The GC-MS spectra of four C. reticulata genotypes clustered closely to each other in the PLS-DA score plot, with C. reticulata 'Daoxian' (Dao) and 'Golden' (Go) being clustered together in one group (marked as green in Fig. 5 ), and C. reticulata 'Weight tangerine' (We) and 'Ba No. 1' (Ba) another (marked as red in Fig. 5) . Similar results were obtained in the HCA-dendrogram that the metabolite profiles of C. reticulata clustered closely with each other in Cluster B and C (Fig. 4) . In addition, the clustering results on C. reticulata 'Daoxian' and C. reticulata 'Golden' indicated their close genetic relationship, which demonstrated the previous report that C. reticulata 'Daoxian' was the ancestral genotype of the C. reticulata (Lu et al. 2011; Zhou 1992 ). These clustering results together suggested that the metabolite-based classification model was able to discriminate between the three basic Citrus species.
Moreover, to validate the metabolomics-based species discrimination model developed in the present study, the Fig. 3 Principal Component Analysis score plot (PC 1 vs. PC 2) for the first and second principal components results obtained above were compared with those of previous reports based on molecular and chemotaxonomic data. For example, the GC-MS spectrum of C. medica was more different from the other two species in both the HCAdendrogram and PLS-DA score plot. This is in consistent with the previous study investigating the origins of cultivated Citrus by using amplified fragment length polymorphism (AFLP) fingerprints and nuclear internal transcribed spacer (ITS) (Li et al. 2010 ). In addition, in the present study, the metabolite profile of C. medica was more similar to that of C. reticulata, in comparison with C. grandis (Fig. 4 and 5) , which corresponded well with known groups based on existing molecular and chemotaxonomic results (Li et al. 2010; Liu et al. 2013) . Metabolites from the citrus essential oils grouped themselves by varieties: CL1, cluster one; CL2, cluster two; CL3, cluster three; CL4, cluster four. Citrus genotypes grouped in clusters A, B, C and D, and sub-clusters A1, A2, A3, B1, B2, C1, C2, D1, D2 and D3. Colors in the heat-map correlated to the metabolite concentration: red for higher levels; black for medium levels; green for lower levels. Color circles before the name of the citrus samples describe the cluster each particular essential oil belongs to
In brief, our study showed that the metabolite-based profiling model can be used to clearly discriminate the basic Citrus species. R-(?)-limonene, a-pinene, sabinene and a-terpinene were the major characteristic components of the analyzed metabolomes of Citrus genotypes that contributed to their taxonomy. This metabolomics discrimination model was based on the comprehensive comparative analyses between metabolite profiles of citrus plants under the same pedoclimatic, cultural environment, and the same processing and analytical methods of the peel oils. Therefore, different genotypes consuming dissimilar amounts and types of metabolites resulted in distinctive footprints, which contributed greatly to the discrimination and clustering of three basic Citrus species.
3.3 Implication of metabolite profiling in the hybrid identification of Citrus species
The hybrid identification has long been an important scientific issue in plant taxonomy. To explore the role of essential oil metabolite profiling in Citrus hybrid identification, six presumed hybrid Citrus species, including C. sinensis, C. aurantium, C. limon, C. jambhiri, C. limonia and C. paradisi, were examined in the present study. The metabolite profiles of hybrids and their suggested parent species were comparatively analyzed and the results are shown in Fig. 4 and 5. Sweet orange (C. sinensis) is one of the most widely grown and consumed citrus fruits. Morphological data suggested that C. sinensis was a hybrid between C. grandis and C. reticulata, and this hypothesis was widely supported by previous research reports such as protein data (Handa et al. 1986; Malik et al. 1974 ) and molecular markers (Li et al. 2010; Nicolosi et al. 2000) . In addition, the chemotaxonomic study found that C. sinensis clustered closely with C. reticulate in the HCA-dendrogram . In Fig. 4 , the GC-MS spectra of C. sinensis 'Midnight' and 'Tarocco' clustered together with those of C. reticulata 'Weight tangerine' and 'Bai No.1' in Cluster D in the HCA-dendrogram. In addition, the metabolite profile of C. sinensis 'Summer gold' grouped together with that of C. grandis 'Shatian' in Cluster D, indicating their close phylogenetic relationships. Similar results were observed in the PLS-DA score plot showing that the metabolite profiles of C. sinensis 'Midnight' (Mi), 'Tarocco' (Ta) and 'Summer gold' (Su) clustered closely with those of C. grandis 'Shatian' (Chp) and C. reticulata 'Daoxian' (Dao), 'Golden' (Go) and 'Weight tangerine' (We) (Fig. 5) . Taken together, these results demonstrated that C. sinensis was most likely a hybrid of C. grandis and C. reticulata.
In previous studies, different hypotheses on the origin of C. aurantium have been put forward. Some authors considered it as a hybrid of C. grandis and C. reticulata (Barkley et al. 2006; Li et al. 2010; Nicolosi et al. 2000) , while others suggested C. reticulata and C. sinensis to be the parents (Malik et al. 1974) . The HCA-dendrogram showed that the metabolite profile of C. aurantium 'Zhulan' clustered together with those of C. reticulata 'Golden' and 'Daoxian' in Cluster B (Fig. 4) . In addition, the GC-MS profiles of C. aurantium 'Daidai' and 'Chinotto' were in the same cluster (Cluster D) with that of C. grandis 'Shatian' in the HCA-dendrogram (Fig. 4) . Moreover, from the PLS-DA score plot, the GC-MS profiles of C. aurantium 'Daidai' (Dai) and 'Chinotto' (Chi) were similar to that of C. grandis 'Shatian' (Chp), while C. aurantium Zhulan' (Zh) similar to C. reticulate 'Daoxian' (Dao) and 'Golden' (Go) (Fig. 5) . These results agreed best with the Fig. 5 Partial least squarediscriminant analysis (PLS-DA) LV1/LV3 score plot of the metabolite profiles of Citrus species. The PLS-DA model was built by using four biomarkers, including R-(?)-limonene, a-pinene, sabinene and a-terpinene. Colors indicate different classes. Dao, Go, We, Ba, Bu, Chp are basic Citrus species most accepted hypothesis that C. aurantium was a hybrid derived from C. grandis and C. reticulata.
The hypotheses on the origin of C. limon are divergent, although both Swingle and Tanaka recognized it as a species (Barrett and Rhodes 1976; Malik et al. 1974; Torres et al. 1978) . In order to find out the exact origin of C. limon, numerous works have been done in previous studies; however, the results are still controversial (Gulsen and Roose 2001; Li et al. 2010; Nicolosi et al. 2000) . In the present study, the metabolite profile of C. limon 'Meyer' clustered together with that of C. aurantium 'Zhulan' in Cluster B in the HCA-dendrogram (Fig. 4) . In the PLS-DA score plot, the GC-MS spectrum of C. limon 'Meyer' (Me) had fewer distances with those of C. aurantium 'Zhulan' (Zh) and C. medica 'Buddha' (Bu) in comparison with other species (Fig. 5) . Together, our data demonstrated that C. limon was likely a hybrid of C. medica and C. aurantium (Li et al. 2010; Nicolosi et al. 2000) .
In the present study, three C. jambhiri genotypes including C. jambhiri 'Guo 2701-1' (Gu), C. jambhiri 'Jiangjin' (Ji) and C. jambhiri 'Alian' (Al) were investigated ( Fig. 4 and 5) . In Fig. 4 , the GC-MS spectrum of C. jambhiri 'Guo 2701-1' was similar to those of C. limonia 'Rangpur' and C. medica 'Buddha' in the HCAdendrogram. In the PLS-DA score plot, the GC-MS profile of C. jambhiri 'Guo 2701-1' (Gu) formed a group with that of C. limonia 'Rangpur' (Ra) (Fig. 5) , which is a hybrid of C. aurantifolia (lime) and C. reticulata (Webber 1943 ). And at the same time, the metabolite profiles of C. jambhiri 'Alian' (Al) and 'Jiangjin' (Ji) clustered together with those of C. reticulata 'Daoxian' (Dao) and 'Golden' (Go). These results indicated that C. jambhiri was likely a hybrid of C. reticulata and C. medica, which corresponded well with the previous hypotheses based on the molecular results (Barkley et al. 2006; Li et al. 2010) .
In addition, the genetic origin of C. limonia is also controversial. On the one hand, C. limonia 'Rangpur' was believed to be a hybrid between C. aurantifolia and C. reticulata (Barkley et al. 2006; Webber 1943) . On the other hand, Nicolosi et al. (2000) and Li et al. (2010) suggested that C. reticulata and C. medica were parents of lemon-like citrus (Li et al. 2010; Nicolosi et al. 2000) . As shown in Fig. 4 , the metabolite profile of C. limonia 'Rangpur' clustered together with that of C. medica 'Buddha' in Cluster A in the HCA-dendrogram. Moreover, the GC-MS profile of C. limonia 'Rangpur' was very similar to those of C. medica 'Buddha' (Bu) and C. reticulata 'Daoxian' (Dao) and 'Golden' (Go) in the PLS-DA score plot (Fig. 5) . Together, our data suggested that C. medica and C. reticulata were most likely the parents of C. limonia.
Grapefruit (C. paradisi Macf.) is one of the most cultivated Citrus species (Moore 2001) . It was considered to have most likely originated from a hybrid between C. grandis and C. sinensis (Barrett and Rhodes 1976; Herrero et al. 1996; Nicolosi et al. 2000; Pang et al. 2003) . In the present study, the HCA-dendrogram showed that the metabolite profile of C. paradisi 'Star ruby' grouped together with that of C. grandis 'Shatian' in Cluster D (Fig. 4) . In the PLS-DA score plot, the GC-MS profiles of C. paradisi 'Star ruby' (St) and C. grandis 'Shatian' (Chp) were in the same class, indicating their high similarity (Fig. 5) . Furthermore, the metabolite profiles of C. grandis 'Shatian' (Chp) and C. paradisi 'Star ruby' (St) clustered together with those of the C. sinensis group (Mi, Ta, Su) (Fig. 5) . The results suggested that C. grandis and C. sinensis were most likely parents of C. paradisi. However, similar results were not observed on C. paradisi 'Changshanhuyou' (Cht), indicating its genetic background needs further investigation.
In summary, from the results mentioned above we can see that all the presumed hybrid species investigated in this study, including C. sinensis, C. aurantium, C. limon, C. jambhiri, C. limonia and C. paradisi, were clearly grouped to their respective parents as suggested by other evidence in previous studies. Therefore, our study demonstrated that metabolite profiling is a high-throughput methodology that can be used for the hybrid discrimination of Citrus species.
Concluding remarks
In this study, the metabolite profiles of peel essential oils of 20 Citrus species/varieties, of which ten are Chinese native varieties, were reported for the first time. A metabolomics protocol was established for the analysis of citrus essential oil based on GC-MS and multivariate analyses in an attempt for future hybrid identification and taxonomy of Citrus species. Using this protocol, the three basic Citrus species can be clearly discriminated by their metabolite profiles, and all the hybrid species analyzed grouped with their presumed parent species. R-(?)-Limonene, a-pinene, sabinene and a-terpinene were the characteristic compounds of the metabolite profiles of citrus fruit essential oils, which contributed greatly to the discrimination and classification of Citrus species/varieties. Our study demonstrates that the metabolite profiling technique may be a useful tool for future Citrus taxonomic study and germplasm evaluation.
